Objective: To examine the relationships between sleep and inflammatory markers because these may be important in the development of cardiovascular disease.
SLEEP DEPRIVATION ARISING THROUGH SLEEP DIS-TURBANCES OR THROUGH VOLUNTARY SHORTENED SLEEP IS ASSOCIATED WITH A NUMBER OF HEALTH outcomes, including cardiovascular disease.
1-13 A number of studies in humans have indicated possible pathophysiologic mechanisms to support the biologic plausibility of an association between sleep deprivation and cardiovascular risk.
14-17 Acute curtailments of sleep may induce an overactivity of the sympathetic nervous system, leading to increased blood pressure. [18] [19] [20] Other contributing mechanisms may include overactivity of the renin-angiotensin-aldosterone system, proinflammatory responses, endothelial dysfunction, and renal impairment. 14, 21 However, it is also plausible that sleep habits may represent a marker of health status and quality of life rather than being a causal factor for many health outcomes.
Inflammatory mechanisms are important in the development of cardiovascular disease. Furthermore, short-term sleepdeprivation studies have shown that inflammatory markers are elevated in sleep-deprived individuals, suggesting that inflammatory mechanisms may play a role in the cardiovascular risk associated with sleep deprivation. [14] [15] [16] The concentration of high-sensitivity C-reactive protein (hs-CRP), a nonspecific marker of acute-phase inflammatory response, is predictive of future cardiovascular morbidity, 22 and the relationship of interleukin-6 (IL-6) to coronary heart disease is similar to that of CRP and coronary heart disease. 23 Moreover, biologic variability of IL-6 is twice as high as that of hs-CRP, and, after correction for this, the association with coronary heart disease is stronger. 23 However, although hs-CRP is elevated following both acute total and short-term partial sleep deprivation, 24 a recent study failed to demonstrate any significant association between hs-CRP levels and sleep duration in a combined study of men and women. 25 In the present analysis, we sought to examine the relationship between both hs-CRP and IL-6 and sleep duration in the Whitehall II Study. We have conducted gender-specific analyses with the inclusion of a number of potential confounding variables. This is because studies indicate that durations of sleep might be associated with detrimental effects on cardiovascular outcomes among women [1] [2] [3] [4] : moreover hs-CRP levels are elevated in women, 26 and gender differences in other inflammatory markers have been reported.
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METHODS
Study Population
The Whitehall II cohort was recruited in [1985] [1986] [1987] [1988] (Phase 1) from 20 London-based civil service departments (participants were aged 35-55 years). The rationale, design, and methods of the study have been described in detail elsewhere. 28 In this report, we use data from Phase 3, at which phase sleep data were available. At this phase, sleep duration was determined from
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Gender Differences in the Cross-Sectional Relationships Between Sleep Duration and Markers of Inflammation: Whitehall II Study the question "On an average weekday how many hours do you spend on the following activities; (a) Work, (b) Time with family, (c) Sleep?" Response categories were 1 to 12 hours. These categories were collapsed to form categories of 5 hours or less, 6 hours, 7 hours, 8 hours, and 9 hours or more). The participation rate of the original cohort (n = 10,308) was 83% at Phase 3. We examined only white individuals with complete data on sleep (n = 5100) and IL-6 (n = 4642), of whom 73% were men, and sleep data and hs-CRP (n = 4677), of whom 73% were men (see Tables 1a and 1b) .
Covariates
For the present analyses, age and other covariates were derived from the questionnaires at Phase 3. Employment grade was determined from the participant's civil service grade title, and the results were divided into 3 categories in order of decreasing salary: administrative, professional/executive, and clerical/support.
Participants were allocated to 1 of 2 smoking categories: never/ exsmoker, or current smoker. Alcohol consumption in the previous week was recorded (units per week).
General health status was assessed using the physical and mental health component summaries of the Short Form-36 (SF-36) health survey questionnaire 28 : low scores indicate low functioning. At the screening examination, anthropometric measures were recorded, including height, weight, and waist circumference; body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Blood pressure was measured 3 times using a standard mercury sphygmomanometer by trained and certified technicians, and the average of the last two readings was taken. Further details of these methods have been published previously.
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Individuals were asked to fast overnight if their appointment was before 11:30, and those with appointments between 12:30 and 14:30 were advised that they could have a light fat-free breakfast of unsweetened tea or coffee and plain bread or toast. Participants sat quietly without reading before having their blood pressure recorded, and, afterward, venipuncture of the left antecubital vein was performed with tourniquet. Blood was collected into plain, citrate or fluoride Sarstedt monovettes. After centrifugation, samples were immediately frozen at -80°C and stored until assay. Serum for lipid analyses was refrigerated at -4°C and assayed within 72 hours. Glucose was determined in fluoride plasma by an electrochemical glucose oxidase method. Insulin was measured by radioimmunoassay. Total cholesterol and triglyceride levels were measured in a centrifugal analyzer by enzymic colorimetric methods. High-density lipoprotein (HDL)-cholesterol was determined after dextran sulphatemagnesium chloride precipitation of non-HDL cholesterol. Low-density lipoprotein (LDL)-cholesterol concentration was calculated using the Friedewald formula.
interleukin-6
The median time for fasting blood collection to prepare serum was 11:40 (interquartile range [IQR] 10:10-13:58). IL-6 was measured in serum stored at -80
• C until analysis using a high-sensitivity enzyme-linked immunosorbent assay (ELISA) (R & D systems, Oxford, UK). Values lower than the detection limit (0.08 pg/mL) were assigned a value equal to half the detection limit. Intraassay and interassay coefficients of variation were 7.5% and 8.9%, respectively. To measure short-term biologic variation and laboratory error, a repeated sample was taken from a subset of 241 participants at Phase 3. Samples were not taken at the same time for repeat measures, and the median time for sample 1 was 11:42 (10:15-13:50) and, for the second sample, 10:09 (IQR 9:50-13:15). The average elapsed time between samples was 32 (SD = 10.5) days. Reliability between samples was assessed with interclass correlation: r = 0.62; P < 0.0001. Spline regression analysis was performed to take into account the effect of "time of blood sample," using a restricted cubic splines. The results for IL-6 plotted against sampling time are shown in the Appendix (Panal A). A spline fit was applied to these results to determine the effect of time on the mean level. There is no major effect of time on these levels over this time period. The proportion of the variability due to "time of sampling" for IL-6 is 0.3%.
High-Sensitivity-C reactive Protein
The median time for fasting blood collection to prepare serum was 11:40am (IQR 10:10-13:58). Hs-CRP was measured in serum stored at -80ºC using a high-sensitivity immunonephelometric assay in a BN ProSpec nephelometer (Dade Behring, Milton Keynes, UK). Values below the detection limit (0.154 mg/L) were assigned a value of 0.077 mg/L. Intraassay and interassay coefficients of variation were 4.7% and 8.3%, respectively. As for IL6, a repeat sample was taken from a subset of participants at Phase 3 (n = 150). The median time for sample 1 was 11:42 (10:15-13:50) and, for the second sample, 10:09 (IQR 9:50-3.15). The average elapsed time between samples was 32 (SD = 10.5) days. Reliability between samples was assessed with interclass correlation: r = 0.83; P < 0.0001. Spline regression analysis demonstrated that there was no major effect of time on hs-CRP levels over the sampling time (Appendix (Panel B)). The proportion of the variability due to "time of sampling" for hs-CRP is 0.03%.
Ethics Committee approval
Ethics committee approval for the Whitehall II study was obtained from the University College London Medical School committee on the ethics of human research. Subjects gave written informed consent.
Statistical analysis
In the univariate analysis, for continuous and categorical variables, respectively, Kruskal-Wallis and χ 2 tests were used to determine the statistical significance of any difference in the distribution of baseline variables at Phase 3 across categories of sleep duration.
Skewed variables were natural-log transformed so as to approach a normal distribution, and results are presented as geometric means and 95% confidence intervals (CI); these include triglyceride, HDL cholesterol, and fasting glucose levels. In addition, hs-CRP and IL-6 were positively skewed; therefore, analyses were performed on log-transformed data.
The statistical significance between inflammation at Phase 3 and categories of sleep duration, adjusted for other baseline variables, was tested in multivariate linear regression models. Results are expressed as geometric means ratios separately for IL-6 and hs-CRP by category of sleep duration, with 7 hours of sleep as the reference category (geometric means ratio = 1.00). All analyses were stratified by gender. All analyses were conducted in STATA 9.2. A spline regression analysis was performed to investigate the effect of time (using restricted cubic spline) of blood sampling on the mean levels of IL-6 and hs-CRP. Likewise, models 1 and 4 (Tables  2 and 3) were run with a spline time adjustment as well. A P value of less than or equal to 0.05 was considered statistically significant.
rESulTS
Characteristics of the Population by Categories of Sleep Duration
The interaction between sleep duration and gender on both inflammatory markers was significant (P < 0.05); therefore, all analyses were stratified by gender. Characteristics for the participants at Phase 3 in men and women are reported in Table 1a and 1b by categories of sleep duration.
In general, participants of both sexes sleeping 5 hours or less had a poorer health status and lifestyle profile. This was particularly evident in men. Men sleeping 5 hours or less were more likely to be in the lowest employment grade, to be unmarried, to have a higher BMI and waist circumference, to have lower mental and physical health scores, to smoke, and to have a higher diastolic blood pressure. Women were more likely to be unmarried, have lower physical health scores, to smoke, and to have higher systolic blood pressure.
Men sleeping 9 hours or more were also more likely to have an increased BMI and waist circumference and to have a reduced physical health score. Likewise, women sleeping 9 hours or more were more likely to have a decreased physical health score and increased blood pressure.
No significant effect of time of blood sampling was observed on mean IL-6 or hs-CRP levels.
In men, a significant variation in IL-6 with sleep categories was observed (P = 0.002), with the IL-6 levels being highest in short and long sleepers (Table 1a) . No difference in hs-CRP was observed (P = 0.19) (Table 1a) . By contrast, in women, there was no difference in IL-6 levels with sleep categories (P = 0.08; Table 1b), but there was a significant difference in hs-CRP (P = 0.02; Table 1b ).
Multiple regression analysis
A correlation matrix between inflammatory markers and risk factors helped to identify confounders, which were used in the multiple regression analysis. The level of the inflammatory markers at 7 hours of sleep was used as a reference. Results are shown in Table 2 for IL-6 and Table 3 for hs-CRP. Age and marital status, which vary significantly with categories of sleep (Table 1) , were used as covariates in the basic Model (Model 1) to which other variables were added.
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High-Sensitivity-C reactive Protein
In men, there was no effect of category of duration of sleep on hs-CRP values (Table 3 ). This was also the case when the substitutions outlined in the previous section were made. The adjustment for time of blood sampling had no effect on the outcome of Model 1 (P = 0.10 and P = 0. In women, there was a significant nonlinear relationship between hs-CRP and duration of sleep (P < 0.004; Model 1). Levels of hs-CRP were significantly higher in women who slept less than 5 hours, compared with women who slept 7 hours, and these differences were maintained following the multiple adjustments for measures of obesity, smoking, and blood pressure. The levels of hs-CRP were also higher in women who slept more than 9 hours, but this difference was no longer significant
interleukin-6
In men, linear and nonlinear trends, when adjusted for age and marital status, were significant (P = 0.05 and P = 0.04). This was not significant when employment status was used instead of marital status (results not shown). The associations were no longer statistically significant when adjusted for BMI, smoking, serum lipid levels, and blood pressure. Substitution of employment status instead of marital status into Model 4 had no appreciable difference (P value for nonlinear trend 0.40 and 0.33). Likewise, substitution of waist measurement for BMI (0.36 and 0.33) or fasting insulin level for serum triglyceride level (0.21 and 0.33) had no appreciable effect. The adjustment for time of blood sampling had no effect on the outcome of Model 1 (P = 0.05 and P = 0. In women, the relationship between IL-6 and sleep was not linear following adjustment for age and marital status (P < 0.04), but the nonlinear trend was not significant following other model adjustments (Table 2) . However, a consistent observation was that those individuals who slept 8 hours per night, as compared with those who slept 7 hours, had significantly lower levels of IL-6 (P < 0.05). Similar results were again observed when substituting employment status for marital status (0.06 and 0.06) or waist circumference for BMI (0.08 and 0.06). However, if adjustment for serum fasting insulin level instead of triglyceride level was made, the result was just significant (0.04 and 0.06).
Gender, Sleep, and Inflammation: Whitehall II Study-Miller et al Caucasian population, the study has the benefit that the population has been extensively characterized and, thus, allows for the adjustment of well-known confounders, including measures of obesity, serum lipid levels, and measures of social position. Although only self-reported measures of sleep duration were used, which did not explicitly ask participants to differentiate between time asleep and time in bed, it is accepted that it is not feasible to obtain more detailed assessment of sleep duration in such large epidemiologic studies. An association between selfreported duration of sleep and diary, actigraphy, or polysomnography estimates has been previously reported.
3,29
Cross-sectional findings from this cohort show that unadjusted levels of IL-6 varied with sleep duration in men but not women but that these findings were not significant following adjustment for multiple risk factors, including measures of adiposity. A previous study demonstrated that sleep deprivation is associated with slowed glucose metabolism, 30 and, although this could lead to an increase in central adiposity, our previous longitudinal study did not show any associations between sleep duration and the development of obesity. 12 The level of IL-6 appeared to show more variability in women than in men ( Figure  1) . Although in women, as in men, there was no significant nonlinear relationship between sleep duration and IL-6 (P = 0.06), in each model, the level of IL-6 was significantly lower in those who slept 8 hours compared with the 7-hour reference group. However, the reason for this is unclear.
Previously, in a small adolescent cohort (n = 143; 50% female; 36% black), a negative correlation between sleep duration and hs-CRP was reported, although this was attenuated on adjustment for apnea-hypopnea index. 31 However, in adults, no association between hs-CRP and sleep duration has been reported. 25 This is in contrast with the results of short-term sleep studies, which have shown that hs-CRP is elevated following both acute total and short-term partial sleep deprivation. 24 In this study, there was no relationship between hs-CRP and sleep duration in men. However, there was a significant nonlinear reafter the adjustment for measures of obesity in the final fully adjusted model. Moreover, adjustment for employment status had no appreciable difference (P = 0.05 and 0.04) on the nonlinear trend, and, likewise, adjustment for fasting insulin (P = 0.05) adjustment for waist measurement instead of BMI attenuated the nonlinear effect (P = 0.06 and P = 0.04). The adjustment for time of blood sampling had no effect on the outcome of Model 1 (P = 0.97 and P = 0. 
DiSCuSSiOn
Our findings from more than 4600 British white-collar civil servants suggest that the associations of sleep duration with IL-6 and hs-CRP are different and that they are dependent on gender. Unadjusted observations suggest that IL-6 levels may vary with sleep in men and not women, but that the opposite is true for hs-CRP. However, following multiple adjustments for a number of confounding factors, no significant variation in inflammatory markers with sleep duration was observed in men. By contrast, hs-CRP levels varied significantly with sleep duration in women, and there was a trend for IL-6 to vary with sleep, but the observed pattern of variation was different according to the inflammatory marker observed. This is the first large-scale study to describe the associations between measures of inflammation and sleep duration in both men and women. Although our findings are restricted to a Gender, Sleep, and Inflammation: Whitehall II Study-Miller et al is supported by the recent study by Suarez et al. that demonstrated that indexes of sleep disturbance are associated with greater psychological distress, higher levels fasting insulin, fibrinogen, and inflammatory biomarkers but only in women. 37 It is possible that some of the previous studies have not observed this gender difference because either they had an insufficient number of women in their cohorts or because they adjusted for gender as opposed to using gender-stratified analyses.
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Constant-routine studies in young adults, which have examined the inflammatory response to total sleep deprivation, suggest that sleep deprivation may trigger a stress response that includes stimulation of both proinflammatory and antiinflammatory cytokines.
38 Furthermore, inflammatory cytokines display marked circadian rhythms, and, although sleep deprivation resulted in significantly decreased hs-CRP levels in the morning and evening in these studies, IL-6 levels were decreased during sleep deprivation across most of the day. Our samples were taken at only 1 time point, and this, as well as the fact that hs-CRP may have more downstream effects than IL-6, may, in part, account for the observed difference in response between hs-CRP and IL-6. Sleep induces a 24-hour oscillation between predominant type 1 (defense mediated, proinflammatory) and type 2 (antiinflammatory) cytokines and, in this way, acts to globally increase the efficacy of adaptive immune responses.
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Furthermore, the balance between type 1 and type 2 cytokines is gender dependent, with men showing a greater type 2 response. 40 This may also contribute to the observed gender differences.
The effect of short sleep duration on cardiovascular risk may be mediated through sleep disorders and sleepiness due to inadequate sleep and sleeping difficulties. 41, 42 Unfortunately, these were not measured at Phase 3 of the Whitehall II study. However, the effects observed in this study were maintained after adjusting for important covariates of sleep disorders, such as obesity. In terms of cardiovascular prevention, our findings are consistent with the idea that sleeping 7 or 8 hours per night aplationship in women. In particular, women who slept 5 hours or less had significantly higher hs-CRP levels than those sleeping 7 hours, even after multiple adjustments. Short sleep has previously been associated with an increase in all-cause mortality, 11 and elevated hs-CRP is a nonspecific early marker of cardiovascular disease risk. 22 It is possible that the observed elevation in hs-CRP in the short-sleeping women may reflect residual confounding due to preexisting morbidity, which may have been ei ther undetected or poorly captured by our survey measures.
Low employment grade is associated with increased mortality, 28 higher levels of a number of stressors such as work stress, low control at home, job and financial insecurity, and economic difficulties, and these may be associated with increased markers of inflammation.
32-34 We did not find any major effect of employment grade on the observed sleep-related effects, and, given that marital status appeared to have a stronger association with sleep duration, the models used an adjustment for marital status instead of employment grade. Moreover, in the final model, substitution of marital status for employment grade had no effect. Furthermore, it is possible that these adjustments may not completely account for all social and economic factors likely to be patterned by these measures. This may be of particular importance in women, for whom a large percentage of individuals are in the lowest employment grade, and these factors may, therefore, contribute to observed gender differences.
This study adds to the growing body of evidence that suggests that there is a nonlinear relationship between cardiovascular risk factors and duration of sleep. 35 Furthermore, it supports the idea that short sleep is associated with an increase in cardiovascular risk and that the association between sleep duration and cardiovascular risk is markedly different in men and women.
10,36
Recently we reported a cross-sectional U-shaped relationship between sleep duration and mortality in individuals from the Whitehall II study, 11 a cross-sectional relation between short sleep and obesity 12 and between short sleep and hypertension, 10 though the latter was only evident in women. This observation pears to be optimal for health, but prospective studies are needed to confirm this concept. Although evidence from randomized and controlled studies in healthy individuals 14 have indicated that there is a temporal relationship between acute and shortterm chronic sleep deprivation and inflammation, further work is required, possibly with improved assessment of long-term exposure (repeated self-reported sleep duration) to investigate these mechanisms more fully in large longitudinal epidemiologic cohorts. 
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